Dynamic multiscale systems ranging from nanoheterostructured materials ([@r1]), surface and intersurface sciences ([@r2]), and intricate biological networks ([@r3]) to sensors and devices ([@r4]) have unique emergent properties owing to the complex coordination of structure and function among their constituent units. Our understanding of these multiscale interactions has been limited by the paucity of appropriate tools allowing real-time and simultaneous nanoscale structure--function investigation of multiple subcomponents in complex systems. Although common approaches, including multielectrode arrays ([@r5]), fluorescent indicators ([@r6]), ultrasound imaging ([@r7]), and magnetic resonance imaging ([@r8]) enable recording and tracking activities in situ, they have limited spatial resolution. High-resolution systems such as electron microscopy (EM) suffer from inability to study living material due to environmental constraints ([@r9]). In contrast, atomic force microscopy (AFM), without such severe environmental constraints, uses interactions between a nanoscale probe and the sample, allowing resolution that extends from micro to nano and subnano scales, enabling examination of objects such as nanoparticles, proteins, DNA, and even single molecules under physiological conditions ([@r10][@r11][@r12]--[@r13]). Additionally, functionalized AFM probes have been developed for quantitatively measuring various physicochemical properties including thermal energy ([@r14]), chemical force ([@r15]), conductance ([@r16]), and magnetism ([@r17]). The current AFM technology limits these multiparametric studies to single, one-time-point applications ([@r18], [@r19]). To overcome such limitations, array AFM platforms that can achieve high-resolution multipoint simultaneous imaging and mapping physicochemical properties are expected to have wide applicability in investigating the cooperative and coordinated activities of various biological and physical systems.

AFM works by measuring a cantilever deflection proportional to sample--probe interaction force. Among all of the available array AFM readout systems, optical beam deflection (OBD) is the most simple and robust method ([@r20], [@r21]). The main limitation of OBD is its difficulty to scale down to densely compacted cantilever arrays owing to optical cross-talk ([@r22], [@r23]), which is particularly important for short-range investigations as demonstrated in single-cell studies ([@r24]). One solution acts by combining expanded illumination laser beam with multifrequency cantilever actuation, thereby reducing optical cross-talk by driving each cantilever at different frequencies. This does, however, restrict the cantilever to work only in dynamic mode and cannot be used simultaneously with other AFM modalities (i.e., those requiring a firm tip--sample contact, such as the measurement of chemical forces and mechanical properties) ([@r25]). Another optical method, interferometric readout measuring the phase of deflected beam instead of angle, provides an alternative approach to overcome cross-talk, but it is complicated in setup, limited to small displacement of the cantilever, thus limiting its scalability, and also highly sensitive to environmental noise ([@r26]). Other than optical readouts, electronic readouts involving capacitance ([@r27]), piezoresistivity ([@r28], [@r29]), piezoelectricity ([@r30]), and metal-oxide semiconductor field effect ([@r31]) have also been used for cantilever array detection; they show progress but are limited by microfabrication complexity and lack biocompatibility.

To overcome these limitations, we have developed an advanced OBD readout method-based array AFM platform, called spectral-spatially encoded array AFM (SEA-AFM). This achieves simultaneous multipoint and multiparametric nanoscale analyses and, due to few environmental constraints, retains biological compatibility. A single supercontinuum laser beam and dispersive optical elements are utilized to spectrally and spatially map an array of cantilevers such that each cantilever has a unique wavelength channel associated with it. The deflected beams from multiple cantilevers can therefore be addressed both simultaneously and independently via wavelength selection. In this way, the detection system is significantly simplified and the cross-talk problem is overcome, all the while maintaining high sensitivity and scalability. To demonstrate the SEA-AFM platform's versatility and robustness we have applied our newly designed array to multiple physical and biological systems for simultaneous structure--function analysis.

Results and Discussion {#s1}
======================

System Design. {#s2}
--------------

The general design and working principle of the SEA-AFM are shown in [Fig. 1](#fig01){ref-type="fig"} and [*SI Appendix*, Figs. S1 and S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813518116/-/DCSupplemental). The system consists of a supercontinuum laser with associated optics, a customized MultiMode AFM equipped with a Nanoscope controller III (Bruker) and quadrant photodetectors (QPDs). Broadband light beam from a supercontinuum laser is reflected by a dispersive grating and the stretched beam is projected onto an array of reflective cantilevers. An image of the projected spectrally gradient laser beam on a cantilever array is shown in [*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813518116/-/DCSupplemental). Reflected beams of different wavelengths from multiple cantilevers are separated by an optical demultiplexing device, such as a series of dichroic beam splitters, and detected by an array of QPDs. Although in principle the SEA-AFM system can be adapted to different AFM modalities, AFM imaging in this study is done in constant height mode.

![SEA-AFM system. A supercontinuum laser, reflected by a grating (groove 300 mm^−1^), transmits through a focusing lens and projects a spectral gradient onto a cantilever array. Each cantilever is illuminated by light with a distinct wavelength. The beams deflected by the array of cantilevers are monitored by a QPD array following an optical frequency demultiplexing component, such as a series of dichroic beam splitters and filters.](pnas.1813518116fig01){#fig01}

The dispersive optics-based readout method minimizes the cross-talk by assigning each cantilever an independent wavelength channel. A proof-of-concept test shows that two adjacent cantilevers can be individually illuminated and recorded by wavelength selection with the SEA-AFM approach ([*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813518116/-/DCSupplemental)). We vibrated the paired cantilever array using an external inertial drive, performed a frequency sweep from 0 to 100 kHz, and used a QPD to monitor beam reflections from the two cantilevers. For incident laser beams with wavelengths from 630 to 670 nm we measured two characteristic peaks corresponding to the resonance frequencies of the cantilevers; for a 640-nm (10-nm bandwidth) laser beam only a 23-kHz peak is observed, and for a 660-nm wavelength (10-nm bandwidth) only a 65-kHz peak is observed ([*SI Appendix*, Fig. S3*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813518116/-/DCSupplemental)).

Cross-talk between two cantilevers was minimized as determined by cantilever separation and the focal spot size at each wavelength channel. For the system shown in [*SI Appendix*, Fig. S1*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813518116/-/DCSupplemental) ∼16-µm illumination spot size at a single wavelength channel determined the minimum separation of two cantilevers without obvious cross-talk. The "rainbow" beam that is projected on the cantilever array has a length of 1.2 mm, making it potentially suitable to illuminate up to ∼70 cantilevers (16-µm separation) without significant cross-talk while not further complicating the illumination system ([*SI Appendix*, section 1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813518116/-/DCSupplemental)). By further optimizing the system (e.g., smaller illumination spot size and larger grating dispersion), the minimum space between two neighboring cantilevers could be more reduced. In practice, the geometry of the cantilever and the operational condition will also affect the number of cantilevers that can be packed in the system. Notably, this method can be adapted to illuminate a 2D AFM array with a larger number of tips via slight modification of the optics.

In general, optical readouts eliminate most of the electronic and thermal cross-talk that hinders the high-density array ([@r32][@r33]--[@r34]). As we mentioned earlier, single-frequency optical readouts are typically challenging for large-scale closely packed array AFM ([@r22], [@r25]). In the case of SEA-AFM, the spectral information represents an additional degree of freedom, leading to the cantilever packing density close to the optical diffraction limit without substantial cross-talk.

Since SEA-AFM has the same detection principle as conventional OBD ([@r20]), the theoretical limit of the detection sensitivity obtained by SEA-AFM should be almost identical to conventional OBD. We tested the noise power spectrum of our SEA-AFM using a silicon cantilever (Bruker MPP-21100, spring constant k = 3 N/m) ([*SI Appendix*, section 2 and Figs. S4--S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813518116/-/DCSupplemental)). Through adjusting the laser power and optimizing the beam shape, the deflection noise density floor of our current setup reaches around 350 fm/√Hz. Importantly, most of the conventionally reported techniques which have been applied to improve the signal-to-noise ratio of the OBD method are equally well-suited to SEA-AFM ([@r35][@r36][@r37][@r38][@r39]--[@r40]). Thus, we speculate that by further optimizing the system the noise level of SEA-AFM will be close to that of commercially available AFMs.

Parallel Topography Imaging. {#s3}
----------------------------

We evaluated the feasibility of the array AFM system for parallel topography imaging. Two different areas on the calibration grating ([Fig. 2*A*](#fig02){ref-type="fig"}) were imaged simultaneously in constant height mode with our customized silicon nitride cantilever array ([*SI Appendix*, Fig. S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813518116/-/DCSupplemental); the two probes have similar cantilever length of ∼200 µm with ∼388 µm apart). Cross-talk between the two cantilevers is not observed. To further demonstrate the imaging capabilities and resolution of the array AFM under different environmental conditions, multiple samples were used: fixed and live human differentiated neural progenitor cells, filtered seawater samples, and sputtered gold nanoparticles ([Fig. 2 *B*--*E*](#fig02){ref-type="fig"}). These imaging measurements validated the applicability of the SEA-AFM system for the demanding parallel AFM topography imaging in both air and liquid. A promising solution for further improvement is to adapt reported active probe array ([@r34], [@r41]) in our SEA-AFM to achieve independent force control of each cantilever.

![Parallel SEA-AFM morphology imaging of various samples using double cantilevers. Top images are from cantilever 1, and bottom images are from cantilever 2. (*A*) Standard calibration grid (pitch size: 3 µm). Insets with relative same locations: 1 µm × 1 µm. (*B*) Fixed human differentiated neural progenitor cells (NPCs) derived from induced pluripotent stem cells in air. (*C*) Live NPCs in fluid. (*D*) Filtered seawater samples on 0.22-μm track-etched polycarbonate membranes with different types of captured particulate matter. Insets with relative same locations: 4 µm × 4 µm. (*E*) Sputtered gold nanoparticles (*Top Inset*, ∼200 nm × 200 nm; *Bottom Inset*, 150 nm × 150 nm). Although great care was taken to engage both cantilevers at the same time, cantilever 2 in this example still has larger scanning force than cantilever 1, so the images taken by cantilever 2 show more streaky artifacts.](pnas.1813518116fig02){#fig02}

Parallel Structure--Function Mapping. {#s4}
-------------------------------------

A major advantage of the SEA-AFM is its compatibility to varied probe-based sensors for multifunctional imaging thanks to the simplicity and sensitivity of the optical lever readout mode. As an example, we chemically functionalized SiNx AFM tips ([Fig. 3*A*](#fig03){ref-type="fig"}) with a CH~3~-terminated monolayer of octadecyltrichlorosilane (OTS), yielding a hydrophobic surface that can discern hydrophilic and hydrophobic areas by adhesion force measurements. [Fig. 3*B*](#fig03){ref-type="fig"} shows the schematics and optical image of the sample: the hydrophobic fluoropolymer Cytop was patterned onto a hydrophilic SiO~2~ glass slide. Morphology and hydrophobicity maps were imaged in deionized water ([@r42]). We took simultaneous AFM images in constant height mode on two sample areas ([Fig. 3 *C* and *D*](#fig03){ref-type="fig"}), which are outlined in [Fig. 3*B*](#fig03){ref-type="fig"}. The areas were investigated by force mapping to measure the adhesion forces with the functionalized tips. The simultaneous force mapping of the two areas is shown in [Fig. 3 *E* and *F*](#fig03){ref-type="fig"}. Each pixel of the adhesion maps gives the absolute value of the peak height (attractive forces are negative). In the two resulting adhesion maps, larger adhesion forces were detected on the Cytop patterns, the hydrophobic areas terminated with CF~2~ groups; smaller adhesion forces were found on the hydrophilic SiO~2~ areas with silanol Si--OH groups on the surface. Six groups of typical retraction force-distance curves are plotted in [Fig. 3 *G* and *H*](#fig03){ref-type="fig"}, with corresponding pixels marked on the adhesion maps with the same colors as the force curves. Quantitatively, the attraction force on the hydrophobic area is approximately nine times larger than the force recorded from the hydrophilic area.

![Parallel structure-hydrophobicity mapping in water. (*A*) Schematic of OTS-functionalized hydrophobic AFM tip. (*B*) Schematic and optical images of the Cytop-SiO~2~ sample. Insets (C1, C2) demonstrate areas imaged in *C* and *D*, respectively. (*C* and *D*) Parallel SEA-AFM morphology images. (*E* and *F*) Parallel adhesion maps of the areas in *C*, *D, G*, and *H*. Typical force-distance curves measured at the indicated locations in *E* and *F*.](pnas.1813518116fig03){#fig03}

Simultaneous multipoint structure-hydrophobic mapping is a useful tool to better understand biological processes ([@r43]). Moreover, the applicability of the functionalized probe is not limited to structure-hydrophobic mapping and could be extended to other probe sensors, such as thermal, chemical, pH, and so on. For more examples, we have explored the feasibility of using conductive parallel AFM to simultaneously detect surface morphology and electric potential ([*SI Appendix*, section 3 and Fig. S9](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813518116/-/DCSupplemental)). Together, these measurements highlight the multiparametric characterization capabilities of the SEA-AFM.

Detection of Mechanical Wave Propagation on Soft Polymer Film. {#s5}
--------------------------------------------------------------

In addition to mapping topography and chemical forces of static samples, we examined the applicability of the AFM array in a dynamic system: an ultrasensitive detection of mechanical wave propagation in a soft polymer film. A composite piezo actuator encapsulated in soft ecoflex polymer film was employed to generate the mechanical wave in a 0.5- to 7.0-kHz frequency range. The shear wave was propagating along the film. The surface vertical fluctuations at two different points, ∼388 µm apart, were simultaneously monitored by two cantilevers engaged on the film surface. To minimize the influence on the viscoelastic properties of polymer induced by cantilevers, soft cantilevers with spring constants from 0.02 to 0.03 N/m were used ([@r44]). The schematic of the platform and the measured vibration amplitude spectrum are shown in [Fig. 4 *A* and *B*](#fig04){ref-type="fig"}, respectively. The amplitude of the propagating mechanical wave is ∼0.5 to 3.5 nm, with a resonance peak of the radial mode located at ∼3 kHz ([@r45]). The amplitude measured from cantilever 2 is smaller than that from cantilever 1, because cantilever 1 is located closer to the actuator and the wave energy is dampened during propagation ([@r46]). This is validated by monitoring the amplitude change while placing the same cantilever closer to the source ([*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813518116/-/DCSupplemental)). We resolved the frequency-dependent phase delay between the two probes ([Fig. 4*C*](#fig04){ref-type="fig"}, blue line), which is related to the wave propagation speed in the polymer. These results indicate that the parallel AFM could lead to reliable and flexible applications for detecting mechanical wave propagation along soft polymer films. With subnanometer resolution sensitivity, mechanical signatures from many systems, such as mechanical wave propagation during tissue expansions ([@r47]) and wave attenuation and retardation in materials characterization for defects inspection ([@r48]) are conveniently accessed by the array AFM and will benefit more investigations in future studies.

![Mechanical wave propagation sensing. (*A*) Schematic of the two-cantilever array AFM to detect the wave propagation in a piezoelectric actuator encapsulated in polymer film. The piezo actuator is driven by frequencies from 0.5 to 7.0 kHz. The array cantilevers detect the motion at the two points on the film surface simultaneously. (*B*) The frequency-dependent amplitude and (*C*) phases of cantilever 1 (black) and cantilever 2 (red). The blue curve in *C* represents the phase delay between the two probes.](pnas.1813518116fig04){#fig04}

Intercellular Cooperative Activities. {#s6}
-------------------------------------

We explored the potential of the array SEA-AFM platform in detecting the coordinated activities of a dynamic biomechanical system. Initially, we placed two probes onto a monolayer of neonatal mouse cardiomyocytes ([Fig. 5*A*](#fig05){ref-type="fig"} shows optical images). The two morphology images of the fixed cells obtained by the two cantilevers in constant height mode are shown in [Fig. 5*B*](#fig05){ref-type="fig"}. Live cardiomyocyte monolayer enabled us to record cardiomyocyte contractions when uncoupled and coupled, shown in [Fig. 5 *C* and *D*](#fig05){ref-type="fig"}, respectively. With the two AFM cantilevers positioned on two separate cells, simultaneous localized contractile activities and dynamic morphological changes were examined by measuring transverse displacements.

![Cardiomyocyte coordinated activity detection with SEA-AFM. (*A*) Optical image of live neonatal mouse cardiomyocytes acquired using the optical microscope equipped on the SEA-AFM system. (*B*) Morphology images from dual SEA-AFM tips of fixed cardiomyocytes in liquid. (*C*) Simultaneous detection of localized contractile activity of two beating cardiomyocytes (C1, red line and C2, black line) during (*i*) spontaneous beating and pacing at rates of (*ii*) 1.8 Hz and (*iii*) 4 Hz. (Scale bars: 250 ms.) (*D*) The gap junction uncoupler heptanol (1 mM) prevents cell-to-cell electrotonic conduction. Output of the photodetector of cantilever 1 (red) and cantilever 2 (black) (*i*) before and (*ii*) 15 min after the blocker was applied and (*iii*) 5 min after the blocker was washed away. (Scale bars: 1 s.)](pnas.1813518116fig05){#fig05}

Spontaneous activity from two separate cardiomyocytes (C1, red line and C2, black line) suggests that the two cells were uncoupled: compare the peak-to-peak distances and overlap between C1 and C2 in [Fig. 5 *C*](#fig05){ref-type="fig"}, *i* (dotted lines). In the pacing experiments of 1.8 Hz and 4 Hz, the localized contractile activities of the two cells (i.e., changes in cell height with active contraction) are illustrated in [Fig. 5 *C*](#fig05){ref-type="fig"}, *ii* and *iii*. Cell C1 was successfully paced at 4 Hz but C2 could not be paced. These experiments confirm that array AFM can be used to study changes in the contraction of multiple cells simultaneously.

We further utilized array AFM to detect changes in electrical coupling between coupled cardiomyocytes, as an example of multicellular integrated biological systems. For modulating the coupling between cells, we used heptanol, a gap junction blocker ([Fig. 5*D*](#fig05){ref-type="fig"}). Note the similar frequency and overlap of contraction suggesting the coupling between C1 and C2 (dotted lines, [Fig. 5 *D*](#fig05){ref-type="fig"}, *i*). Before adding heptanol, the spontaneous contraction frequency of the two cells was synchronous with a measured frequency of ∼1.8 Hz. After 15-min incubation with 1 mM heptanol, both cells stopped contracting due to the reported effect of gap junction blockers ([@r49]). After washing away the blocker, the two cells resumed spontaneous contraction but with reduced contractile response (amplitude reduced) and they became asynchronous. Although the pace of contraction was similar for the two cells, C2 displayed delayed contraction ([Fig. 5 *D*](#fig05){ref-type="fig"}, *iii*); the lack of synchronization suggests gap junction function had not yet returned to initial conditions.

These results demonstrate the biological applicability of the SEA-AFM system. This approach has several advantages over other methods currently in use in its ability to simultaneously measure micromechanical properties of two single cells with high spatial (submicron) and temporal (microsecond) resolution ([@r24]). Future experiments combining the detection of electrical signals ([*SI Appendix*, section 3 and Fig. S9](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1813518116/-/DCSupplemental)) with force propagation using multiprobe AFM would decipher essential novel mechanisms with respect to arrhythmogenic pathophysiology.

Conclusion {#s7}
==========

In summary, a SEA-AFM platform was developed to achieve simultaneous multipoint, multiscale structure--function analysis both in air and in liquid. The main advantage of the SEA-AFM over other existing array AFM is its ability to optically address closely packed probe--sample interaction signals without cross-talk or further complicating the system. We have demonstrated the versatility and robustness of the SEA-AFM system for multipoint morphology imaging, surface hydrophobicity, and electric potential mapping. In addition, taking advantage of its high sensitivity and biological compatibility, we recorded dynamic mechanical wave propagation in polymer film and intercellular activities of cardiomyocytes in real time. A number of innovative implementations can be envisioned from this array AFM platform, providing new perspectives in a wide range of fields, including multipoint manipulations/fabrications, multifunctional sensing, and robotic cantilever arrays.

Methods {#s8}
=======

Array AFM Setup. {#s9}
----------------

The array AFM system is adapted from a MultiMode AFM (Bruker) with Nanoscope III controller by customizing both illumination and deflection beam paths. A supercontinuum laser (Extreme; NKT Photonics. Inc.) is used to illuminate cantilever arrays through a dispersive grating and an objective lens. The AFM head is customized to have a top opening for illumination and side opening for deflection beam detection. Two QPDs (Skyhunt) are used to monitor the deflected beams from two cantilevers, respectively. The two deflected beams are separated by a dichroic mirror (Semrock). Two programmable amplifiers (Alligator Technologies)/locking-in amplifiers (SR830 DSP; Stanford Research Systems) amplify the signal from QPDs and send it to AFM through a Signal Access Module. The system is operated with passive cantilever array, and all of the AFM images are taken in constant height mode. In our current complementation, the supercontinuum laser was operated with around 300-ps pulse duration at 78-MHz repetition frequency. The peak power was around 40 times the average power. Considering the comparatively high peak energy and large laser spot size, special attention has to be paid when imaging photosensitive specimens, and the laser power, pulse duration, and wavelength range should be adjusted accordingly ([@r50], [@r51]).

Array AFM for the Hydrophobicity Mapping. {#s10}
-----------------------------------------

We measured the adhesive forces between the chemically functionalized probes and the patterned sample surface using a modified method published previously ([@r42]). The parallel AFM force measurements from two cantilevers were carried out simultaneously in deionized water by using a fluid cell (Bruker). The force-displacement curves were performed at a scan rate of 1 Hz and a z-velocity of 8 µm/s, recorded over an array of points (20 × 10 pixels in step size of 4 μm). The magnitude of the pull-off peaks occurring upon retraction of the probes was analyzed. The force curve data were postprocessed with Python.

Array AFM Setup for the Measurement of Mechanical Wave Propagation on Soft Polymer Film. {#s11}
----------------------------------------------------------------------------------------

The 1--3 piezo composite material (Smart Material) of size 1.8 × 1.8 mm and thickness 200 μm was encapsulated in a soft ecoflex (ecoflex 00-30; Smooth-On, Inc.) polymer film. The actuator is sinusoidally excited by a function generator (DSO1012A; Agilent Technologies) (10-V amplitude, 0.5 to 7.0 kHz). The film surface vertical fluctuation at two different points with a distance of ∼388 µm were simultaneously monitored by the parallel cantilever array system. To further improve the signal-to-noise ratio, the output of the QPD was processed by two lock-in amplifiers (SR830 DSP; Stanford Research Systems) using the driving signal of the piezo-actuator as a reference.

Array AFM Setup for the Detection of Cardiomyocyte Coordinated Activities. {#s12}
--------------------------------------------------------------------------

The cell samples on the glass slides were mounted on the AFM sample holder and loaded into the liquid cell. An illumination and detection setup similar to that in the wave propagation experiment was used to detect the cardiomyocyte contractile activities. The output of the QPDs was recorded using a National Instruments DAQ with a custom LabView 8.0 program. Sample rate was 1,000 Hz, and the filter cutoff was 100 Hz. To minimize the damage to the cells, we used soft AFM cantilevers with a spring constant in the range of 0.02 to 0.03 N/m. In the pacing experiments, the monolayered cardiomyocytes were paced with a pair of platinum electrodes with a 12-ms, 85-V pulse using an SD9 stimulator (Grass Technologies) at two pacing rates, 1.8 Hz and 4 Hz. The electrode wires were applied to the system via two channels of the AFM liquid cell. All use of experimental animals was performed according to animal use protocol (\#S01013M) approved by the University of California, San Diego Institutional Animal Care and Use Committee. All use of human induced pluripotent stem cells was approved by the University of California, San Diego Human Research Protections Program and Institutional Review Board/The Embryonic Stem Cell Research Oversight Committee for project 161206ZX.
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